Lees, Simon J., Peter D. Franks, Espen E. Spangenburg, and Jay H. Williams. Glycogen and glycogen phosphorylase associated with sarcoplasmic reticulum: effects of fatiguing activity. J Appl Physiol 91: [1638][1639][1640][1641][1642][1643][1644] 2001.-The purpose of the present study was to investigate the effects of fatiguing muscular activity on glycogen, glycogen phosphorylase (GP), and Ca 2ϩ uptake associated with the sarcoplasmic reticulum (SR). Tetanic contractions (100 ms, 75 Hz) of the gastrocnemius and plantaris muscles, elicited once per second for 15 min, significantly reduced force to 26.5 Ϯ 4.0% and whole muscle glycogen to 23% of rested levels. SR glycogen levels were 415.4 Ϯ 76.6 and 20.4 Ϯ 2.1 g/mg SR protein in rested and fatigued samples, respectively. The optical density of GP from SDS-PAGE was reduced to 21% of control, whereas pyridoxal 5Ј-phosphate concentration, a quantitative indicator of GP content, was significantly reduced to 3% of control. GP activity after exercise, in the direction of glycogen breakdown, was reduced to 4% of control. Maximum SR Ca 2ϩ uptake rate was also significantly reduced to 81% of control. These data demonstrate that glycogen and GP associated with skeletal muscle SR are reduced after fatiguing activity. skeletal muscle; calcium handling; calcium-adenosinetriphosphatase SKELETAL MUSCLE FATIGUE MANIFESTS as a result of repetitive or sustained muscle contraction and can be characterized by a temporary reduction in the capacity to generate force. It affects people in many ways such as decreased athletic performance and increased susceptibility to injury, and, more seriously, it can be a debilitating symptom of certain clinical conditions such as congestive heart failure (12, 32). Although the changes in muscle performance are well documented in the literature, the exact mechanisms that mediate these changes in muscle force are not fully understood.
SKELETAL MUSCLE FATIGUE MANIFESTS as a result of repetitive or sustained muscle contraction and can be characterized by a temporary reduction in the capacity to generate force. It affects people in many ways such as decreased athletic performance and increased susceptibility to injury, and, more seriously, it can be a debilitating symptom of certain clinical conditions such as congestive heart failure (12, 32) . Although the changes in muscle performance are well documented in the literature, the exact mechanisms that mediate these changes in muscle force are not fully understood.
The sarcoplasmic reticulum (SR) acts as an intracellular storage site for Ca 2ϩ and also controls cytoplasmic Ca 2ϩ concentration, which in turn regulates the force of muscle contraction. Diminished SR function may play a critical role in the development of fatigue (39, 40) . Specifically, decreased rate of Ca 2ϩ uptake may be directly responsible for slowing of relaxation as well as indirectly responsible for decreased force during fatigue. A fraction of muscle glycogen appears to be specifically associated with the SR in skeletal muscle (9, 15, 13) . The binding of glycogen particles to the SR membrane is achieved by the hydrophobic tail of the glycogen-associated form of protein phosphatase 1 (20, 21) . The estimated amount of glycogen associated with the SR varies greatly in the literature. Cuenda et al. (9) measured 32 g/mg SR protein isolated from rat skeletal muscle, whereas Entman et al. (15) reported a range of 300-700 g glycogen/mg SR membrane protein isolated from dog cardiac muscle. Because prolonged muscle contraction results in decreased muscle glycogen concentration (22) , it seems logical that prolonged muscle contraction would also result in decreased glycogen associated with the SR.
Glycogen phosphorylase (GP), an enzyme involved in glycogenolysis, is also associated with the SR (11, 14, 38) . Interestingly, GP may be associated with the SR via its binding to the glycogen particles (28, 38) . Furthermore, glycogenolysis of SR glycogen may result in the release of GP from the membrane to the myoplasm. Cuenda et al. (9) showed that preparing SR from rabbits that were starved for 48 h (a treatment that causes glycogen depletion) resulted in a two-to fourfold decrease in GP activity and content. As for glycogen, GP associated with the SR might be expected to decline with exercise.
The specific purpose of this study was to investigate how prolonged muscle contraction affects glycogen concentration, GP content, and Ca 2ϩ uptake rates associated with skeletal muscle SR.
METHODS
Stimulation protocol. The Animal Use and Care Committee of Virginia Tech approved all procedures. Female Sprague-Dawley rats (200-225 g) were fed ad libitum (Purina rodent laboratory chow), allowed free access to water, and exposed to a 12:12-h light-dark cycle. The gastrocnemius and plantaris muscles from female Sprague-Dawley rats were used for all the experiments. One leg was stimulated (fatigued), and the contralateral leg served as the control (rested). Animals were anesthetized with pentobarbital sodium (90 mg/kg body wt). The sciatic nerve was surgically exposed so that the stimulation electrode could be attached without damaging the nerve. Surgical suture was then tied and glued at the insertion of the tendo calcaneus, and the distal portion of the calcaneus was cut with bone cutters. The soleus muscle was cut at its insertion so as to prevent it from contributing to force production. The animal was then placed in a prone position with the knee and distal end of the tibia securely clamped to prevent movement. The free end of the surgical suture was attached to an isometric transducer. A physiological saline solution (PSS) filled the chamber of the apparatus, covering the exposed portion of the leg, and a few drops of mineral oil were placed around the exposed sciatic nerve. The PSS was warmed to 37°C before the surgery and was maintained using a heat lamp. The PSS (pH 7.4) contained the following: 135 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgSO4, 1 mM NaH2PO4, and 13 mM NaHCO3. Tetanic contractions were elicited using a Grass S48 stimulator, and force measurements were measured, displayed, and recorded using a Harvard apparatus isometric transducer, Tecktronix 2201 oscilloscope, and Harvard chart recorder. The fatigue protocol entailed in situ stimulation for 15 min via the sciatic nerve. Contractions were elicited by 100-ms trains of pulses (75 Hz) delivered once per second.
Whole muscle glycogen. In the first set of experiments, the effect of stimulation on whole muscle glycogen was determined. Control and fatigue gastrocnemius and plantaris muscles were rapidly removed (within 60 s) and homogenized with three, 15-s bouts (VirTis VirTishear) in 5 ml of 0.6 M perchloric acid solution per gram of muscle wet weight and then frozen and stored at Ϫ80°C. Glycogen content was then determined in the homogenated using the glucoamylase (EC 3.2.1.3) method described by Keppler and Decker (23) .
SR isolation. For the SR experiments, SR vesicles were prepared by the differential centrifugation method previously described by Williams et al. (41) . Control and fatigued gastrocnemius and plantaris muscles were rapidly removed (within 60 s) and placed in 5 vol (wt/vol) of buffer containing 20 mM HEPES, 0.2% NaN3, and 0.2 mM phenylmethylsulfonyl fluoride (pH 6.8). They were then minced with scissors, homogenized (3 30-s bursts), and centrifuged at 8,000 g for 15 min. KCl (600 mM) was added to the supernatant to solubilize remaining actomyosin and centrifuged at 12,000 g for 45 min. The remaining supernatant was centrifuged at 49,000 g for 60 min, and the SR pellet (1-2 mg protein/ml) was resuspended in 20 mM HEPES, 0.2% NaN3, 0.2 mM phenylmethylsulfonyl fluoride, and 150 mM KCl (pH 6.8) and stored at Ϫ80°C until used. Samples used for determination of SR function were stored in the same buffer supplemented with 300 mM sucrose. The Bradford dye-binding assay adapted by Bio-Rad was used to determine protein concentration of the SR samples with BSA as a standard.
Measurement of SR glycogen. Glycogen associated with the SR was measured using a modification of the Keppler and Decker (23) approach. Resuspended SR (a volume containing 50 g of protein) was incubated with shaking in 0.5 ml of an acetic acid (174 mmol/l) solution containing glucoamylase (8.7 kU/l) for 2 h at 40°C (pH 4.8). Fifty microliters of each glucoamylase-SR mixture was then added to 1 ml of a buffer (pH 7.5) containing the following: 0.3 M tetraethylammonium, 4 mM MgSO4, 120 mM KOH, 1 mM ATP, 0.9 mM ␤-NADP ϩ , 700 U/l glucose-6-phosphate dehydrogenase, and hexokinase (1.3 kU/l). After 10 min of incubation at room temperature, fluorescent emission of the reduced form of ␤-NADPH was measured at 450 nm while the excitation wavelength was set at 365 nm. Glycogen standards were prepared using glycogen purified from rabbit liver. Approximately 99% of the standards were recovered. It is important to point out that no glucose could be detected in assays that were preformed without the glucoamylase incubation step.
Measurement of SR GP. GP content of the SR vesicles was determined using three different approaches: densitometric analysis of SDS-PAGE gels, measurement of enzyme activity, and measurement of pyridoxal 5Ј-phosphate (PLP) content. SDS-PAGE was performed following the method of Laemmli (25) . Gels were loaded with 10 g of protein and run on a mini-Protean II cell from Bio-Rad with a 5% acrylamide separating gel and a 4% acrylamide stacking gel. The running conditions were set at 45 mA (constant) until the tracking dye ran off the gel. Gels were stained overnight in a solution containing the following: 0.1% Coomassie blue R-250, 40% methanol, and 10% acetic acid. After staining, the gels were destained for ϳ1 h in a solution containing 50% H 2O, 40% methanol, and 10% acetic acid. The bands corresponding to the molecular weight of SR Ca 2ϩ -ATPase and GP were scanned using MultiImage Light Cabinet from Alpha Innotech and analyzed using AlphaImager 2000 Documentation and Analysis System. From these scanned images, optical densities of these bands were determined.
Total GP activity, measured in the direction of glycogen breakdown, was done using a method adapted from Chi et al. (5) . Five hundred nanograms of each SR sample were added to 100 l of reagent (pH 7.0) containing the following: 50 mM imidazole, 50 mM glycogen, 20 mM K 2HPO4, 0.5 mM MgCl2, 1 mM 5Ј-AMP, 2 M glucose-1,6-bisphosphate, 0.5 mM dithiothreitol, 0.25% BSA, and 0.4 U/ml phosphoglucomutase. Because of the large difference in GP content between conditions, control samples were allowed to react for 15 min at room temperature, whereas fatigue samples were allowed to react for 1 h at room temperature. Glucose 1-phosphate production was linear over these time periods. Ten microliters of 0.5 N HCl were added to each sample to stop the reaction. Then they were then allowed to sit for 10 min at room temperature. One milliliter of a second reagent was added to the product of the first reaction. The second reagent contained the following: 50 mM Tris ⅐ HCl, 100 M ␤-NADP, 1 mM EDTA, 1 U/ml glucose-1,6-bisphosphate, and 0.35 U/ml phosphoglucoisomerase (pH 8.0). The samples were allowed to react in the second reagent for 20 min, and then the fluorescent emission of ␤-NADPH was measured at 450 nm while the excitation wavelength was set at 365 nm. Standards used were 0, 5, 10, 25, and 35 nmol/5 l of glucose 1-phosphate.
PLP associated with the SR vesicles was measured via HPLC using a method modified from those of Ubbink et al. (37) , Mahuren and Coburn (27) , Cordes and Jencks (7), and Gregory (17) . By removing and measuring PLP, the GP content can be determined because over 95% of PLP in skeletal muscle is bound to this enzyme (4). To prevent PLP degradation, samples were prepared under yellow light. Onehalf milliliter of 10% trichloroacetic acid was added to 1 ml of sample (containing 200 g of SR protein). The precipitated protein was then pelleted by centrifuging the samples at 1,000 g for 10 min. The supernatant was then removed, and 50 l of 0.5 M semicarbazide were added while the pellet was discarded. The samples were then incubated for 15 min at 40°C. Diethyl ether (3 ml) was added to each sample, vortexed, and removed (after centrifugation at 1,000 g for 10 min). This last step was repeated. Dichloromethane (3 ml) was then added to each sample and vortexed, and then the supernatant was removed and saved (after centrifugation at 1,000 g for 10 min). One hundred microliters of this supernatant were injected into the HPLC system (Waters) and run through an ODS C18 4.6 mm ϫ 25-cm Zorbax column from Mac-Mod Analytical with a mobile-phase buffer. The mobile-phase buffer was prepared in the following manner: 0.05 M KH 2PO4 and 8% (vol/vol) acetonitrile were mixed in water, and pH was adjusted to 2.9 with o-phosphoric acid. The mobile-phase buffer was then filtered and degassed. The mobile phase was run at a pressure no greater than 2,200 psi at a rate of 1.1 ml/min. Fluorescent emission of PLP was measured at 478 nm while the excitation wavelength was 367 nm. The PLP peak on the fluorescent emission output was detected by its known retention time (ϳ3.4 min) through this particular column using Waters Millennium 32 chromatography manager. Fluorescent emission was enhanced via a postcolumn bisulfite buffer containing 4% NaOH in HPLC water, which was filtered and degassed before use. Standards were made from a stock solution containing 10 mg of PLP in 1 liter of HPLC water and diluted to 0, 0.5, 1, 5, 10, and 20 ng/100 l of PLP. Fluorescence emission was found to be linear over this concentration range.
SR Ca 2ϩ uptake. The SR vesicles Ca 2ϩ uptake rates were measured following the ratiometric method of Williams et al. (41) using a Jasco CAF-110 intracellular ion analyzer with a 75-W xenon high-pressure lamp. Extravesicular Ca 2ϩ was measured fluorometrically using the Ca 2ϩ indicator fura 2 (excitation wavelengths 340 and 380 nm; emission wavelength 500 nm). Free Ca 2ϩ concentration ([Ca 2ϩ ]free) was calculated by measuring the ratio (R) of the emissions at 500 nm from both excitation wavelengths and using the following equation: [Ca 2ϩ ]free ϭ Kd ⅐ ␤ ⅐ (R Ϫ Rmin)/(R Ϫ Rmax), where the fura 2 dissociation constant (Kd) was 70 nM; Rmin and Rmax are the R values measured in the Ca 2ϩ uptake buffer in a Ca 2ϩ -free medium and a Ca 2ϩ -saturated medium, respectively; and ␤ is the fluorescence ratio of EGTA-and Ca 2ϩ -supplemented buffers at 340 nm (18) . Fifty micrograms of SR protein were added to 1 ml of Ca 2ϩ uptake buffer containing the following: 100 mM KCl, 20 mM HEPES, 1 mM MgCl2, 5 mM potassium oxalate, 1 mM ATP, and 2 M fura 2. The solution was allowed to equilibrate at 37°C until the fluorescence ratio remained constant. CaCl2 (0.1 mol/mg) was then added to initiate uptake. This resulted in a free Ca 2ϩ concentration of ϳ1 M. Fluorescence ratio values were sampled at 2 Hz using Labtech Notebook Pro and saved to disk for later analysis. Ca 2ϩ uptake rates were computed from the steepest negative slopes after the addition of CaCl2. Figure 1 shows typical tracings of rested and fatigued samples. Our preliminary experiments showed that adding additional CaCl2 or increasing MgATP concentration did not result in noticeably higher Ca 2ϩ uptake rates and, in some cases, slightly reduced the rate. Furthermore, we found that using antipyrylazo III as the extravesicular Ca 2ϩ indicator resulted in uptake rates were nearly identical to those obtained using fura 2.
Statistics. Paired t-tests were used for comparisons between rested and fatigued conditions. Significance was set at the P Յ 0.05 level of confidence.
RESULTS
Effect of stimulation on force production. Force production by the gastrocnemius and plantaris muscles was measured at the beginning and end of the 15-min stimulation protocol. Typically, force dropped off rapidly over the first minutes of stimulation, followed by a slow and steady decline over the remaining time. At the end of the 15-min protocol, muscle force production was reduced to 26.5 Ϯ 4.0% of initial force.
Whole muscle and SR glycogen. Glycogen concentrations for whole muscle and SR preparations are shown in Fig. 2 . Whole muscle glycogen concentration in the fatigued muscles was significantly decreased to 23% of rested, whereas glycogen associated with the SR was significantly reduced to 5% of rested (Fig. 2) . Our measurement of SR glycogen proved to be very reproducible in that error between duplicate measurements was 3.40 Ϯ 0.70%. However, SR glycogen in the rested samples was quite variable between animals, ranging from 117 to 652 g/mg SR protein. This variability was much smaller in the fatigued samples (17-29 g/mg SR protein).
GP and Ca

2ϩ
-ATPase associated with the SR. Optical density of the GP and Ca 2ϩ -ATPase determined via SDS-PAGE stained with Coomassie blue is shown in Fig. 3 . As can be seen, there is a marked reduction in the size of the band associated with GP and little or no change in that of the Ca 2ϩ -ATPase. Figure 3 , bottom, shows the mean optical densities of these bands. GP content in the rested samples was significantly reduced to 21% of rested, whereas the Ca 2ϩ -ATPase was not different between conditions. Also, the ratio of GP and Ca 2ϩ -ATPase was substantially reduced in the fatigued samples. Western blotting with an antibody to the fast Ca 2ϩ -ATPase isoform confirmed that ATPase GP activity and PLP content of the rested and fatigued samples are shown in Fig. 4 . Activity of GP in the direction of glycogen breakdown was significantly reduced to 4% of rested. PLP content was also reduced to a similar extent, 3% of rested. Within-sample variability for GP and PLP was 3.40 Ϯ 1.37 and 1.74 Ϯ 0.52%, respectively.
SR Ca 2ϩ uptake. Peak Ca 2ϩ uptake rates in the fatigued samples were significantly reduced to 81% of rested, from 2.99 Ϯ 0.21 to 2.42 Ϯ 0.205 mol ⅐ mg SR protein Ϫ1 ⅐ min Ϫ1 (n ϭ 6; P Յ 0.05). Similar differences were found when the uptake rates were normalized by the SDS-PAGE optical density of the Ca 2ϩ -ATPase.
DISCUSSION
In this study, the effects of prolonged muscle contraction on glycogen, GP, and maximum Ca 2ϩ uptake rates associated with the SR were investigated. The sciatic nerve from one leg of animals was repetitively stimulated to fatigue the gastrocnemius and plantaris muscles. Significant reductions were found for glycogen, GP, and Ca 2ϩ uptake rate associated with the SR between control and fatigued muscles.
Whole muscle and SR glycogen. Glycogen associated with the SR in control samples was determined to be ϳ400 g/mg SR protein. Previous investigations by Cuenda et al. (9) and Entman et al. (13) reported SR glycogen concentrations to be 32 (rat skeletal muscle) and 300-700 (dog cardiac muscle) g/mg SR protein, respectively. The discrepancy between the reported SR glycogen concentration in the present investigation and that from others may be due to the different assays used to assess SR glycogen and/or to the SR sample storage conditions. First, both Cuenda et al. (9) and Entman et al. (13) used an assay that utilized sulfuric acid to hydrolyze the glycogen and phenol for colorization, followed by measuring the absorbance change. The present investigation used amyloglucosidase to hydrolyze the glycogen and fluorometric measurement of ␤-NADPH in an enzyme-linked system. We have found that the latter assay is more sensitive and more reliable at low glycogen (Lees and Williams, unpublished observations). Also, in the phenol-sulfuric acid assay, glycogen is measured in the acid precipitate. There is also a pool of acid-soluble glycogen that is typically not measured (36, 42) . It is not clear whether Cuenda et al. (9) and Entman et al. (13) measured this latter pool. Second, it appears that the earlier investigators had sucrose present in the SR storage buffer. Because sucrose is measured as if it were glycogen in phenol-sulfuric acid assay, it must be subtracted from the total glycogen measurement. Because the amount of glycogen associated with the SR is extremely small compared with the sucrose content (ϳ1%), this can be problematic. It is unclear whether sucrose had to be subtracted from their analyses or whether some other storage method was used on samples analyzed for glycogen content.
Whole muscle glycogen concentration was significantly decreased to 23% of control as a result of in situ stimulation. This reduction is similar to that reported by other investigators who used varied models to study glycogen depletion during muscular activity (1, 3, 6, 16, 22, 35) . Glycogen associated with the SR was significantly reduced to a greater extent to 5.1% of control. In 1989, Fridén et al. (15) used periodic acid-thiosemicarbazide-silver proteinate staining of ultrathin muscle sections from human vastus lateralis. The staining revealed a compartmental distribution of glycogen within the muscle cell. After exercise (60 8-s sprint cycling bouts), glycogen depletion was particularly noticeable at the N 2 -line, or the lateral portion of the I band. Although the methods used by Fridén et al. could not directly verify that glycogen was associated with the SR and depleted with exercise, it is important to note that the SR is present at the I band where deposits of glycogen were located (34, 33) . Thus our results extend those of Fridén et al. to confirm that SR glycogen is markedly reduced with muscular activity.
GP associated with the SR. GP has been shown to be associated with the SR (14, 38) . Specifically, GP associated with the SR is Ͼ95% in its b (inactive, dephosphorylated) form (GP b ) (11) . Interestingly, GP appears to be associated to the SR via its binding to the glycogen particles (9, 14, 28, 38) . Binding of glycogen particles to the SR membrane may be achieved by the hydrophobic tail of the glycogen-associated form of protein phosphatase 1 (20, 21) . There is evidence to suggest that glycogenolysis of SR glycogen results in the release of glycogen phosphorylase. Cuenda et al. (9) showed that preparing SR from animals that were starved for 48 h resulted in a two-to fourfold decrease in GP activity and content. Similarly, it was shown that amylase digestion of endogenous glycogen resulted in 95% depletion of GP (14) .
GP associated with the SR was measured using three different methods: optical density of the band corresponding the 97,400-molecular-weight marker on a SDS-PAGE, PLP content of the SR vesicles, and glycogen phosphorylase activity associated with the SR vesicles. Multiple approaches were used because each has individual drawbacks. Western blot analysis was not practical from the SDS-PAGE because an antibody for the skeletal muscle specific isoform of GP was not available. This reduces the confidence in measuring GP using SDS-PAGE because other proteins could be present with similar molecular weight. By removing and measuring PLP, the GP content could be determined because over 95% of PLP in skeletal muscle is bound to this enzyme (4). However, absence of PLP does not necessarily mean that GP is not present, but GP without PLP is inactive. Finally, measurement of GP activity does not allow for quantification of enzyme content, because we could not reliably determine whether the specific activity of the enzyme has been altered. Taken together, however, all three of the measurement techniques strongly suggest that the GP content of the SR is reduced with exercise. It seems unlikely that all three methods would falsely indicate similar changes in GP associated with the SR.
GP activity of the SR was significantly reduced to 4% of control. These data agree with the results from Cuenda et al. (9) in that starvation reduced GP activity. Also, Entman et al. (14) found that GP was reduced by 95% after ␣-amylase digestion of endogenous glycogen. If, in fact, GP is bound to the SR via its association with glycogen, a treatment that causes glycogen depletion should result in GP dissociation from the SR as well. Release of GP from the SR due to glycogen breakdown is compounded by the fact that GP is primarily bound to the SR as the GP b form, whereas muscle contraction mediates phosphorylation (activation) of this enzyme, which, in turn, reduces its affinity for the SR (8) . Similarly, PLP content of the SR was significantly reduced to 3% of control. In contrast, optical density of GP determined via SDS-PAGE stained with Coomassie blue was only reduced to 21% of control. There may be a reasonable explanation for this discrepancy. Hirata et al. (19) have recently identified another 97,000-molecular-weight protein other than glycogen phosphorylase. This protein was reported to be involved in SR Ca 2ϩ release; therefore, it seems likely that it may be present in the SR fraction used in the present investigation.
SR Ca 2ϩ uptake. Decreases in SR glycogen and GP were accompanied by a reduction in maximum Ca 2ϩ uptake rates to 81% of control. Reduced SR Ca 2ϩ uptake rate during fatigue has been previously reported by others (for review see Ref. 40 ). At present, it is not clear whether there is a direct effect of glycogen and GP reduction on SR function. In our isolated SR system, it is unlikely that metabolic changes resulting from the loss of glycogen and GP affect uptake because adequate ATP is added and metabolites have been removed. Cuenda et al. (8) found that GP b status of the SR affected the conformation of the SR Ca 2ϩ -ATPase. These investigators found that, as GP b content increased, the binding of FITC to the SR proteins also increased. Because FITC binds to a specific lysine residue located in the ATP binding site of ATPase enzymes (29) , it was concluded that the SR Ca 2ϩ -ATPase shifted toward an ATP binding conformation. This suggests that decreased GP concentration may directly reduce the rate of ATP hydrolysis by the SR Ca 2ϩ -ATPase and Ca 2ϩ transport into the SR. However, additional work is needed to substantiate this notion.
Within the intact cell, there is the possibility that decreased glycogen and GP associated with the SR could alter Ca 2ϩ handling during skeletal muscle fatigue via some metabolic effect. It has been shown that SR Ca 2ϩ uptake can be supported solely through the enzymatic breakdown of glycogen by GP (10, 30, 31) . Also, there is evidence that glycolytic, glycogenolytic, and Ca 2ϩ -accumulating enzymes are associated with the SR in close proximity to the Ca 2ϩ -ATPase (13, 14, 43) . Decreased local ATP concentrations, due to glycogen depletion of the SR, may directly affect maximum SR Ca 2ϩ uptake rates. It has been proposed that a local increase in the ADP/ATP ratio in the triads may be responsible for decreased SR Ca 2ϩ release found in fatigue (24) . Some ATPase activity, required for SR Ca 2ϩ release, utilizes ATP in the microenvironment of the triad. This ATP is not in equilibrium with the bulk cellular ATP, probably because the Mg 2ϩ -ATP complex is large and negatively charged; therefore, a local ATP regenerating system is necessary for the maintenance of the ADP/ATP ratio (for a review see Ref. 39) . On the other hand, experiments using caged ATP have shown no significant improvement on the slow decline of intracellular Ca 2ϩ concentration late in fatigue (2). Therefore, whether or not SR glycogen depletion affects SR Ca 2ϩ uptake, in vivo, via changes in local ATP concentration remain to be seen.
Summary. Tetanic contractions elicited once per second for 15 min reduced glycogen content, GP content, and SR Ca 2ϩ uptake associated with the SR. GP activity and PLP content of the SR showed similar de-creases. Loss of optical density of the band containing GP using SDS-PAGE was not as dramatic as seen with the other two measures; however, this may be explained by the presence of another protein (19) . Reduced glycogen and GP may be involved, either directly or indirectly, in a mechanism that causes decreased SR Ca 2ϩ uptake normally found in fatigue.
